Bioactive ceramics have been used clinically to repair bone defects owing to their biological affinity to living bone; i.e. the capability of direct bonding to living bone, their so-called bioactivity. However, currently available bioactive ceramics do not satisfy every clinical application. Therefore, the development of novel design of bioactive materials is necessary. Bioactive ceramics show osteoconduction by formation of biologically active bone-like apatite through chemical reaction of the ceramic surface with surrounding body fluid. Hence, the control of their chemical reactivity in body fluid is essential to developing novel bioactive materials as well as biodegradable materials. This paper reviews novel bioactive materials designed based on chemical reactivity in body fluid.
INTRODUCTION
Bones play an important role in our lives, supporting our bodies and enabling us to perform various motions. The techniques used to repair damaged bones also are important, and when an area of damaged bone is too large for self-repair, the damaged bones must be repaired by using alternative materials, such as autografts, allografts and artificial materials. Autografts, which are transferred from healthy parts of the bones of the same patient, are widely used because they show high performance. However, there are problems related to a limited amount of tissue being available and there is additional damage to the body because the bone tissue is extracted from the patient. Although allografts, which are transferred from other people, are also used, they have problems related to not only limited availability but also with foreign body reactions and infections. Therefore, artificial materials that are safe and free from these limitations are needed to repair bone defects. However, in general, artificial materials implanted in bony defects are encapsulated by fibrous tissue and do not bond to living bone. To solve the problem of the foreign body reaction, bioactive ceramics have received much attention, and some bioactive ceramics are now clinically used as bone substitutes. Bioactive ceramics are generally regarded as ceramics that are designed to induce specific biological activity for repairing damaged organs. For repairing bone tissues, the bioactivity is regarded as the capability to make direct contact with living bone after implantation in bony defects. The phenomenon of new bone formation on the surfaces of bioactive ceramics is called osteoconductivity.
Some bioactive ceramics have already been used to repair bone defects because their bioactivity allows them to achieve tight fixation resulting from direct bonding to living bone. The first bioactive ceramic developed was a glass in the Na 2 O-CaO-SiO 2 -P 2 O 5 system, after Hench et al. (1971 Hench et al. ( , 1991 . This bioactive glass is known as Bioglass. Since the discovery of Bioglass, many researchers developed various types of bioactive ceramics, such as sintered hydroxyapatite (Ca 10 (PO 4 ) 6 (OH) 2 ; Jarcho et al. 1977; LeGeros & LeGeros 1993) , glass-ceramic Ceravital (Gross et al. 1993) and glass-ceramic A-W (Kokubo et al. 1982; Kokubo 1993) . However, these bioactive ceramics have lower fracture toughness and higher Young's modulus than human cortical bone, so the applications are limited to the replacement of bony parts under low loads and as bone fillers. The development of novel bioactive materials with various mechanical and biological properties, in addition to high affinity for the bone tissue, is therefore needed.
Previous studies ( Hench 1991; Kokubo 1991 ) revealed that bioactive ceramics form a layer of biologically active bone-like apatite on their surfaces after being implanted in bony defects. It is therefore an important condition for ceramic materials to form a bone-like apatite layer on their surfaces after exposure to the body environment to express the property of the direct bonding to living bone. A similar bone-like apatite layer can form on bioactive ceramics if they are immersed in a simulated body fluid (SBF), as proposed by Kokubo and his colleagues. The SBF of Kokubo et al. is an aqueous solution that has almost the same constituents with regard to inorganic species as human extracellular fluid (Kokubo et al. 1990a,b; Cho et al. 1995; Kokubo & Takadama 2006 ). SBF does not contain any cells or proteins, which means that the apatite layer is formed through the chemical reaction of the bioactive ceramics with the surrounding fluid. It is therefore expected that novel bioactive materials can be designed by controlling the chemical reactivity of the materials in body fluid.
Based on this idea, new types of bioactive materials, such as bioactive glass-ceramics with controlled surface reactions, bioactive organic-inorganic hybrids, bioactive coatings and bioresorbable ceramics, have been developed. The concepts used and the attempts at development of these bioactive materials are described in this paper.
BIOACTIVE GLASS-CERAMICS
2.1. Glass-ceramics in the MgO-CaO-SiO 2 system
Crystallization of a glass is one of the useful techniques to control the chemical reactivity and mechanical properties of the glass. A design of the glass composition for a bioactive glass-ceramic is shown. Bioglass shows high reactivity in the body environment and shows high bone-bonding ability, i.e. bioactivity. This high bioactivity is caused by the high potential for bone-like apatite formation after the reaction of the materials with body fluid. Body fluid is an aqueous solution that is supersaturated with respect to hydroxyapatite, with the following chemical equilibrium. Release of sodium and calcium ions (Na C and Ca 2C ) from the glass causes an increase in pH after ion exchange with H 3 O C and leads to an increase in the Ca 2C concentration of the surrounding fluid. These chemical reactions result in an increase in the degree of supersaturation with respect to hydroxyapatite. However, the high reactivity produces a thick silica gel layer between the apatite layer and the glass, owing to the reactions
The formation of this thick silica gel layer is not desirable, as the mechanical strength of the silica gel layer is quite low, which reduces bonding between the glass and the bone. Therefore, a design in which the glass does not form a thick silica gel layer is required.
According to a report that evaluates the capability of bone-like apatite formation on glasses in the ternary system CaO-SiO 2 -P 2 O 5 after exposure to SBF (Ohtsuki et al. 1991a) , glasses in the CaO-SiO 2 binary system have been identified as basic components for producing bioactive glasses. The typical composition of such a bioactive glass is 50CaO$50SiO 2 mol%. However, the reactivity of 50CaO$50SiO 2 mol% glass in the body environment is so high that a thick silica gel layer is observed between the apatite layer and the glass after soaking in SBF. MgO was added to CaOSiO 2 -based glass-ceramics so as to reduce the silica gel layer, as based on a fundamental study of apatite formation in the ternary MgO-CaO-SiO 2 system (Tsuru et al. 1995) . Magnesium is one of the major inorganic elements in body fluids and has already been used in bioactive glass-ceramics, such as glass-ceramic A-W, which does not produce such a thick silica gel layer in the body environment. When CaO was partially replaced with MgO, a decrease in the thickness of the silica gel layer between the apatite layer and the glass was observed. A glass with the composition of 10MgO$40CaO$50SiO 2 mol% formed apatite in SBF within 3 days, and the apatite layer seemed to be in direct contact with the glass substrate without the formation of a thick silica gel layer between the apatite and the glass. This means that strong bonding of the apatite and the glass substrate is expected. Therefore, it is expected that the 10MgO$40CaO$50SiO 2 mol% composition is useful for designing bioactive glass-ceramics. Based on this idea, Ohtsuki et al. (2004) synthesized glass-ceramics from a glass with this composition. At first, a glass with nominal composition of 10MgO$40CaO$50SiO 2 mol% was prepared using a conventional melt-quenching technique. A slurry consisting of pulverized glass and ultrapure water was loaded in a polyurethane sponge, which was then heated at various temperatures to give porous glass-ceramics. Porous ceramics with both high bone-bonding ability and bioresorbability are expected to be useful scaffolds for use in bone regeneration. Porous ceramics with continuous pores of approximately 500 mm in diameter were obtained after sintering and crystallization (figure 1). Chang et al. (2000) reported that pores that are 300-500 mm in diameter in hydroxyapatite ceramics were effective for bone ingrowth. Therefore, this porous structure is expected to be useful for the invasion of cells and new bone when these glass-ceramics are implanted into bone defects. Precipitation of parawollastonite and diopside was observed after heat treatment at temperatures above S350 Review. Bioactive materials for bone tissue C. Ohtsuki et al.
9008C
. The amount of precipitated diopside increased with increasing temperature. The synthesized glassceramics formed apatite on their surfaces after soaking in SBF. When the porous glass-ceramic was implanted in a rabbit tibia, it showed bioresorbability . Consequently, glasses in the MgO-CaO-SiO 2 system allow for easy production of porous glass-ceramics with bioactivity and bioresorption using a conventional sintering process.
Glass-ceramics in the
ZnO-CaO-SiO 2 -P 2 O 5 -CaF 2 system
The MgO-CaO-SiO 2 glass-ceramic described in §2.1 is useful in the point of reactivity, but it does not have much stimulation effect for bone formation; therefore, the design of a glass-ceramic that has stimulation effect for bone formation is described in this section. The bioactivity of ceramics is governed by the reaction between the ceramic and the body fluid. Moreover, the bioresorption of ceramics is also governed by a chemical reaction. It is expected that the addition of zinc oxide to a bioactive glass-ceramic may control the reaction between the glass-ceramic and the surrounding body fluid. Zinc oxide was selected because zinc is an essential trace element that shows a stimulatory effect on bone formation ( Yamaguchi et al. 1987) . Therefore, zinc ions released from a glass-ceramic may enhance bone regeneration in a bony defect. Ito et al. (2000) developed calcium phosphate ceramics designed to release zinc ions. The authors expected that the glass-ceramic system would be useful for releasing zinc because the properties can be easily controlled by changing the composition. Among the bioactive ceramics, glass-ceramic A-W shows high bioactivity and high mechanical strength (Kokubo et al. 1982; Kokubo 1993) . The effect of the addition of ZnO to CaO-SiO 2 -P 2 O 5 -CaF 2 glass-ceramics, whose compositions were based on a modification of glass-ceramic A-W, on the apatite-forming ability, chemical durability and zinc release, was examined (Kamitakahara et al. 2006a) .
Glasses with the composition xZnO$(57.0Kx) CaO$35.4SiO 2 $7.2P 2 O 5 $0.4CaF 2 were prepared (where xZ0.0, 0.7, 3.6 or 7.1 mol%) using a conventional meltquenching technique (samples Zn0, Zn0.7, Zn3.6 and Zn7.1, respectively). Compacts of the glass powders were heated to a temperature of 9308C for 4 hours for sintering and crystallization. Glass-ceramics containing apatite and wollastonite were obtained using this procedure. Figure 2 shows SEM micrographs of the surfaces of the glass-ceramics after soaking in SBF for 7 days. Precipitates composed of fine apatite particles were observed on glass-ceramic samples Zn0 and Zn0.7, but they were not observed on samples Zn3.6 and Zn7.1.
Changes in the element concentrations of SBF after soaking the glass-ceramics are shown in figure 3. The decrease in phosphorus concentration for samples Zn0 and Zn0.7 was because of the consumption of phosphate ions through the formation of apatite on the surfaces of glass-ceramic samples Zn0 and Zn0.7. The increase in silicon concentration indicates the release of silicate ions from the glass-ceramics. The release of silicon from the glass-ceramics decreased significantly with increasing ZnO content. This indicates that the reaction between the glass-ceramics and the SBF was suppressed, and the formation of silanol groups was also suppressed by the addition of ZnO. It is speculated that the chemical durability of the glass-ceramics was improved by the addition of ZnO, as ZnO is an amphoteric oxide, and has a very low solubility in SBF. The suppression of the formation of silanol groups would lead to the suppression of apatite formation on the glass-ceramics, but the glass-ceramics still showed apatite-forming ability when the ZnO content was low. The reactions between glass-ceramics and body fluids govern their bioactivity and bioresorbability. This suggests that the bioresorbability of a glass-ceramic can be controlled to some extent without the loss of bioactivity. The release of zinc was clearly detected in glass-ceramic samples containing 3.6 mol% or more of ZnO, and the amount of zinc increased with increasing ZnO content. From the above results, the addition of an Review. Bioactive materials for bone tissue C. Ohtsuki et al. S351
appropriate amount of ZnO may provide a composition that has apatite-forming ability and an appropriate zinc release rate.
2.3. Glass-ceramics in the 3CaO$P 2 O 5 -CaO$MgO$2SiO 2 system
For the design of a scaffold, bioresorbability is important. The design of a glass-ceramic for a scaffold is described. Tricalcium phosphate (3CaO$P 2 O 5 , TCP) is known as a bioresorbable ceramic and is already used clinically as an important bone-repair material (Rejda et al. 1977) . However, it is not easy to control its bioactivity and bioresorbability, because TCP is a crystalline ceramic. The combination of glass-based ceramics with TCP may lead to novel bioactive and bioresorbable materials for bone regeneration. It has been reported that diopside (CaO$MgO$2SiO 2 ) ceramics show potential for making direct contact with bone, and they show high mechanical strength (Nonami & Tsutsumi 1999) . Glass-ceramics containing TCP and diopside would therefore be candidate materials for showing high bioactivity and high mechanical strength in the initial stages after implantation, followed by appropriate degradation during bone regeneration. Kamitakahara et al. (2006b) prepared glass-ceramics containing TCP and diopside from 3CaO$P 2 O 5 -CaO$MgO$2SiO 2 glasses. Glass-ceramics with the compositions of x(3CaO$P 2 O 5 )$(100Kx) (CaO$MgO$2SiO 2 ) were prepared, where xZ0, 38, 50 or 60 mass% (samples 100D, 38T62D, 50T50D and 60T40D, respectively). To characterize the glassceramics, pulverized glasses of each composition were first compacted and heated to obtain the bulk glassceramics. Figure 4 shows the powder XRD patterns of the dense glass-ceramics sintered at 12008C. Both b-TCP and diopside were precipitated in samples 60T40D, 50T50D and 38T62D, while only diopside was precipitated in glass-ceramic sample 100D. b-TCP phase was assumed to be stabilized by some magnesium substitution. The diopside content decreased with increasing TCP content, while the b-TCP content increased with increasing TCP content. After the glass-ceramics were soaked in SBF, fine apatite precipitates were observed on the surfaces of glass-ceramic samples 60T40D and 50T50D within 3 days, and on sample 38T62D within 7 days, as shown in figure 5.
The formation of apatite on sample 100D was observed after 14 days of soaking in SBF. The reason why the apatite-forming ability increased with increasing TCP content in the glass composition is attributed to the ease of release of calcium ions from the residual glassy phase in the glass-ceramics into the SBF, as the dense sintered b-TCP shows a low ability for inducing apatite formation in SBF (Ohtsuki et al. 1991b) . Porous glass-ceramics with continuous pores of approximately 500 mm in size were also successfully prepared with the above compositions when a slurry composed of the glass powders and ultrapure water was loaded in a polyurethane sponge and heated. These porous glass-ceramics containing b-TCP and diopside are expected to be useful as scaffold materials for bone repair.
BIOACTIVE HYBRIDS
In the previous section, the design of bioactive glassceramics was described. When these glass-ceramics are used as bioresorbable scaffolds, they are finally resorbed, replaced by newly formed bone and mismatch of mechanical properties to bone is not a problem. However, the adjustment of the mechanical properties to bone is important for the design of a material that is S352 Review. Bioactive materials for bone tissue C. Ohtsuki et al.
implanted for a long period. In spite of the specific biological activity of bioactive ceramics with bone tissue, these bioactive ceramics do not satisfy every clinical application because the mechanical properties of ceramic materials are different from those of natural bone. The development of bioactive materials that show not only bioactivity but also mechanical properties similar to living bone is desired. Living bone is a composite of 70 mass% apatite and 30 mass% collagen (Park & Lakes 1992) . Therefore, the combination of an organic substance with bioactive inorganic components would produce a novel bone-repairing material showing not only bioactivity but also mechanical properties similar to living bone. As discussed above, the CaO-SiO 2 binary system can provide a basic composition to form a bone-like apatite layer in the body environment. The detailed investigation of the formation of bone-like apatite layers on a glass with a composition of 50CaO$50SiO 2 mol% proposed a mechanism for the induction of heterogeneous nucleation on these materials triggering the formation of bone-like apatite layers in SBF (Ohtsuki et al. 1992) . The existence of silanol (Si-OH) groups on the surface of the materials is important to induce heterogeneous nucleation of apatite, as well as the release of Ca 2C from the materials. This finding introduces the idea that bioactive organic-inorganic hybrids can be produced through organic modification of chemical species that allow the formation of Si-OH groups and release of Ca 2C after exposure to body environments. The development of several types of organic-inorganic hybrids was attempted through solgel processing, which is a popular process for preparing hybrids of inorganic and organic components because the process can be conducted at low temperature (Mackenzie et al. 1992) . Examples of such bioactive hybrids with the ability for bone-like apatite formation are polydimethylsiloxane (PDMS)-CaO-SiO 2 (Tsuru et al. 1997; Kamitakahara et al. 2001 Kamitakahara et al. , 2002 , PDMSCaO-SiO 2 -TiO 2 (Chen et al. 2000) , poly(tetramethylene oxide) (PTMO)-CaO-SiO 2 and others (Rhee et al. 2002) . These were confirmed to show apatite-forming ability in SBF. In these hybrids, the inorganic component, which shows bioactivity, is homogeneously distributed at the molecular level and chemically bonds to the organic component.
We attempted to synthesize organic-inorganic hybrids starting from methacryloxypropyltrimethoxysilane (MPS) and 2-hydroxyethylmethacrylate (HEMA) with the addition of a calcium salt (Ohtsuki et al. 2002; Miyazaki et al. 2003a) . MPS has alkoxysilane groups that provide silanol groups after hydrolysis, whereas HEMA provides a hydrophilic polymer matrix in the hybrid. Mixtures of MPS and HEMA with various molar ratios were dissolved in ethanol. The mixtures were polymerized by heat treatment at 758C with benzoyl peroxide (BPO) as initiator. Then an ethanol solution containing calcium chloride (CaCl 2 ) was added to the polymer solution. The solution obtained was cast in polypropylene containers and dried at room temperature to give bulk gels. A homogeneous transparent gel was obtained at the MPS : HEMA composition 0.1 : 0.9. As higher concentration of MPS led to many cracks in the specimens during the drying process, crack-free specimens were not obtained when the molar ratio of MPS was more than 0.1. Figure 6 shows the appearance of the MPS-HEMA hybrid with MPS : HEMAZ0.1 : 0.9. The obtained hybrid showed high flexibility. When the hybrid was soaked in SBF, fine apatite particles covered the surface of the sample within 7 days. This indicates that these hybrids have the potential to show bioactivity. The apatite-forming ability and mechanical properties of the MPS-HEMA hybrids can be apatite precipitation (a) Review. Bioactive materials for bone tissue C. Ohtsuki et al. S353 controlled by the addition of catalysts during gelation because the siloxane network formed is affected by the catalyst (Uchino et al. in press ). This chemical modification using Si-OH and Ca 2C is applicable to the development of bioactive poly(methyl methacrylate) (PMMA) bone cements (Ohtsuki et al. 2001; Miyazaki et al. 2003b; Mori et al. 2003) . One of the significant problems of PMMA bone cements is loosening at the interface between the bone and the cement owing to the lack of bioactivity. Although several attempts to obtain bioactive PMMA bone cements by mixing bioactive ceramic powders have been conducted (Shinzato et al. 2000) , large amounts of ceramic powder at more than 50 mass% need to be incorporated into the cement to give bioactivity. Moreover, the existence of an interface between the bioactive ceramic powders and the PMMA matrix might be a problem because the bonding strength between them is not so strong. In this system, MPS and MMA can be copolymerized and Si -OH groups are chemically bonded to the PMMA matrix. PMMA powder was mixed with a calcium salt, such as CaCl 2 , calcium acetate (Ca(CH 3 COO) 2 ), calcium hydroxide (Ca(OH) 2 ), calcium lactate (Ca(CH 3 CHOHCOO) 2 ), calcium benzoate (Ca(C 6 H 5 COO) 2 ) and calcium methacrylate (Ca(CH 2 Z C(CH 3 )COO) 2 ), at 20 mass% of the powder. BPO was then added to the powder as a polymerization initiator. MMA liquid was mixed with MPS at 20 mass% of the liquid. N,N-dimethyl-p-toluidine (NDT) was then added to the liquid as a polymerization accelerator. They were mixed with a powder/liquid mass ratio of 2 at 23G28C. At half of the setting time of the specimens, they were soaked in SBF to examine the apatite-forming ability. After soaking, fine apatite particles were observed on the cements modified with CaCl 2 , Ca(CH 3 COO) 2 , Ca(OH) 2 and Ca(CH 2 Z C(CH 3 )COO) 2 . Modification of PMMA cement by incorporation of MPS and appropriate calcium salts makes the cement form apatite in the body environment. The solubility of the calcium salts in water decreases in the order CaCl 2 OCa(CH 3 COO) 2 O Ca(CH 3 CHOHCOO) 2 OCa(C 6 H 5 COO) 2 OCa(OH) 2 , and calcium salts highly soluble in water are effective for providing the PMMA cement with apatite-forming ability in SBF. It is noted that the cement modified with Ca(OH) 2 formed apatite in SBF, in spite of the solubility of Ca(OH) 2 being the lowest among the calcium salts used in this study. The pH of the surrounding solution markedly increased after soaking of the cement modified with Ca(OH) 2 in SBF, and this increase in pH would enhance apatite nucleation as OH K is also a component of apatite.
The compressive strength of the modified cements decreased after exposure to SBF, except for the cement modified with Ca(OH) 2 . This is attributed to the release of Ca 2C ions from the cement into the solution. Among the cements examined in this study, those modified with Ca(CH 3 COO) 2 , Ca(OH) 2 or Ca(CH 3 CHOHCOO) 2 showed compressive strength near the lower limit (approx. 70 MPa) required by ISO5833. Bioactive PMMA bone cement, able to maintain mechanical strength even in the body environment, can be obtained through the addition of an appropriate selection of calcium salts. In this study, the amount of the inorganic components required for the development of bioactive PMMA cement was significantly reduced in comparison with previous techniques. This is desirable for maintaining the good handling properties of conventional PMMA cements.
BIOACTIVE COATING
The coating of bone-like apatite on the materials is also a candidate method to obtain mechanical properties similar to bone. As an important factor for artificial materials to show bioactivity is to form bone-like apatite on their surfaces in the body, materials coated with bone-like apatite are also expected to bond to living bone. If composite materials, organic polymers coated with apatite, are synthesized using a process mimicking biomineralization to produce bone as in living tissues, the coated bone-like apatite may accelerate osteoconduction in bony defects. Such a coating design gives the possibility of fabricating novel composite materials that show high bioactivity and mechanical properties similar to those of human bone. Kokubo et al. (1990a) revealed that the apatite formed on bioactive ceramics in SBF is similar to bone apatite. This indicates that a bone-like apatite coating can be achieved using SBF. From the mechanism of formation of apatite on the surface of bioactive glass, it was revealed that silanol (Si-OH) groups are effective for inducing heterogeneous nucleation of hydroxyapatite on the surfaces of substrates. Abe et al. (1990) reported that a bone-like apatite layer could be formed on the surfaces of substrate using a CaO-SiO 2 -based glass as the source of the apatite-nucleating agent. First, a substrate is apposed to the CaO-SiO 2 -based glass in SBF. The silicate ions released from the glass attach to the surface of the substrate and induce apatite nucleation (Takadama et al. 2000) . The substrates are then soaked in additional SBF or 1.5SBF, which is a solution with ion concentrations 1.5-fold greater than those of SBF to induce apatite crystal growth.
Attempts to introduce silanol groups covalently bonded to organic polymers to induce apatite nucleation have also been reported Oyane et al. 2003) . Composites consisting of bone-like apatite S354 Review. Bioactive materials for bone tissue C. Ohtsuki et al.
and biodegradable polymers are attractive materials for bone repair as they are expected to show bioactivity and be resorbed during bone repair. We have reported an apatite-alginate composite using SBF (Hosoya et al. 2004) . It is known that alginate can act as a scaffold material for the repair of skin and nerves (Suzuki et al. 1998 (Suzuki et al. , 1999 . Alginate was reacted with 3-aminopropyltriethoxysilane (APES), which gives silanol groups after hydrolysis. Modification of the alginate with APES gave a gel because the alginate could be cross-linked by dehydration of the silanol groups derived from the APES. The gels obtained were soaked in a CaCl 2 solution and subsequently soaked in SBF and apatite was formed on and inside these gels. Modification of alginate with silanol groups induced not only gel formation but also apatite-forming ability in SBF on and inside the alginate gel. An apatite-alginate composite can therefore be produced by modification of alginate with silanol groups and subsequent soaking in CaCl 2 solution and SBF. The modification of starch with silanol groups and calcium ions was also attempted (Miyazaki et al. 2007) . Starch-based materials are receiving attention as novel bone substitutes (Mendes et al. 2001) . Potato starch was dissolved in dimethylsulphoxide and CaCl 2 , glycidoxypropyltrimethoxysilane (GPS, CH 2 OCHCH 2 O(CH 2 ) 3 Si(OCH 3 ) 3 ) and ultrapure water were then added to the solution. The mass ratios of starch to the total mass of GPS and starch ranged from 0.40 to 0.67, while the molar ratio of CaCl 2 to GPS was fixed at 0.05. The specimen with (starch)/(GPSC starch)Zx mass% was denoted as 'Sx'. The prepared sol was dried at 608C and then soaked in SBF. Figure 7 shows SEM micrographs of the surfaces of the specimens after soaking in SBF for 7 days. Fine apatite particles were observed on the surfaces of S40 and S50, but not S67, which indicates that adequate modification of polymers with silanol groups and calcium ions produces apatite-polymer composites. It has been reported that functional groups other than Si-OH also induce heterogeneous nucleation of apatite in SBF. Ti-OH (Li et al. 1994) , Ta-OH (Miyazaki et al. 2001a) , Zr-OH (Uchida et al. 2001) , Nb-OH (Miyazaki et al. 2001b) , carboxyl (-COOH; Tanahashi & Matsuda 1997) , and sulphonic (-SO 3 H) groups (Miyazaki et al. in press) induce heterogeneous nucleation of apatite. Therefore, a composite composed of apatite and polymer would be obtained when an organic polymer containing carboxyl groups on the surface and releasing Ca 2C ions into the fluid is soaked in SBF.
There are several reports of the coating of apatite onto natural polymer substrates, such as carboxymethylated chitin gels , gellan gum gels , carboxymethylated chitin (Kokubo et al. 2004a,b) , alginate fibres (Kokubo et al. 2004b ) and poly(g-glutamic acid) gels (Sugino et al. 2008) , in SBF if they are treated with calcium salt solutions in advance. We also reported that cloth made of raw silk fibres forms apatite in 1.5SBF ( Takeuchi et al. 2003) . The surfaces of raw silk consist of sericin, which has approximately 20 mol% acidic amino acids (aspartic and glutamic acids; Komatsu 2000; Shimura & Katagata 2000) . This indicates that the surface of raw silk fibres is rich in carboxyl groups and the high content of carboxyl groups in sericin is effective for heterogeneous apatite nucleation. The apatiteforming ability of the sericin fibres can be enhanced by soaking in CaCl 2 solutions before soaking in 1.5SBF. The structural effects of sericin on apatite formation were also revealed by examining the ability of apatite formation on sericin films made by different processes (Takeuchi et al. 2005a) . Sericin films were prepared from a solution extracted from raw silk fibres under various conditions. Among the films, only the sericin film with the highest b-sheet content showed apatite formation in 1.5SBF. These results suggest that apatite nucleation on sericin depends on the content of b-sheets in addition to the content of carboxyl groups. The effectiveness of b-sheet structure for apatite formation was also examined using a synthesized polypeptide (Takeuchi et al. 2008) . These results indicate that not only the number of functional groups but also their arrangement are important factors governing apatiteforming ability.
Synthetic polymer substrates are also useful to prepare apatite-polymer composites. We (Miyazaki et al. 2003c; Kawai et al. 2004) reported that aromatic polyamides containing carboxyl groups (polyamide-COOH) or sulphonic (-SO 3 H) groups (polyamide-SO 3 H; Konagaya & Tokai 2000) show apatite-forming ability in 1.5SBF when they contained CaCl 2 . The amount of apatite formed and the rate of formation increased with increasing amounts of functional groups in the polyamides. These results indicate that functional groups in synthetic polymers can act as effective nucleating sites for apatite. We then compared the induction period for the nucleation of apatite and rate of crystal growth on polyamide-COOH and polyamide-SO 3 H with incorporated calcium chloride by soaking them in 1.5SBF (Kawai et al. 2005) . Review. Bioactive materials for bone tissue C. Ohtsuki et al. S355
The induction period for apatite nucleation on polyamide-SO 3 H was shorter than for polyamide-COOH. Considering that functional groups effective for apatite nucleation are negatively charged in physiological solutions, calcium incorporation in the initial stage is very important for apatite nucleation (Takadama et al. 2001) . Therefore, easier association of sulphonic groups with calcium ions may lead to a shorter induction period for apatite nuclei than that with carboxyl groups. However, the rate of crystal growth did not depend on the type of functional group, but depended on the degree of supersaturation of the surrounding solution. Providing this apatite-forming ability to these polymers produces novel materials, which when coated with apatite would be novel bioactive materials for bone regeneration.
BIORESORBABLE CERAMICS
When materials can be resorbed, replaced by newly formed bone, the mismatch of mechanical properties to bone is not a problem. This section describes the design of bioresorbable scaffold ceramics based on calcium phosphate. Bioresorbable ceramics are gradually degraded in bony defects, and are expected to be useful in bone repair. Development of engineering techniques for the regeneration of living tissues leads to the requirement for higher resorbability of scaffold materials, especially in cases of their combination with pharmaceuticals or cells to enhance tissue regeneration. Although b-TCP ceramics have been widely used as conventional resorbable bone substitutes, there is still a requirement for ceramic scaffolds with higher resorbability. a-TCP ceramics are expected to be useful as bone substitutes and as scaffold for tissue engineering when bioresorbability higher than that of b-TCP is required. Because the solubility of a-TCP is higher than that of b-TCP (Chow 1991), a higher degradation rate in the body is expected. As a-TCP is a thermodynamically stable phase at temperatures above approximately 11008C, a-TCP sintered ceramics can be easily fabricated using conventional sintering processes. We produced a-TCP porous ceramics with 80 per cent continuous pores of approximately 10-50 mm in size by a conventional sintering processing as follows (Kitamura et al. 2004a) . b-TCP powder, potato starch and water were mixed to form a slurry. The slurry was dried, heated to 10008C to burn out the starch, and then the product was sintered at 14008C, followed by natural cooling in a furnace, to give an a-TCP porous ceramic. Figure 8 shows the appearance and microstructure of the prepared a-TCP porous ceramic. The porosity was easily controlled by the amount of the starch. The porosity governs not only the strength but also the reactivity. The design of surface characteristics can effectively result in higher potential for the induction of apatite formation in the body environment, and it is important to not only control the bioresorbability of TCP ceramics but also to enhance bioactivity (Uchino et al. 2008) . The pores in a-TCP porous ceramic are open and continuous to the surface. This structure can be combined with polymers and drugs to produce additional functions. Coating a-TCP with biodegradable polymers can reduce the degradation rate of the a-TCP porous ceramics. Coating with hydroxypropylcellulose was effective in reducing bioresorption and improving workability (Kitamura et al. 2004b) . Selection of the type of polymer coated on a-TCP frameworks is an important factor to induce bioactive characteristics. For example, sericin was used as a coating polymer (Takeuchi et al. 2005b ) because sericin has the potential to induce bone-like apatite in a physiological environment and may show affinity for bone ( Takeuchi et al. 2003) . Moreover, when drugs or osteoinductive factors are incorporated in the polymer S356 Review. Bioactive materials for bone tissue C. Ohtsuki et al.
coating, the a-TCP porous ceramic is expected to show high ability to induce bone formation. To enhance bone regeneration, Saito et al. reported a-TCP porous ceramics combined with a BMP-derived peptide called bone-forming peptide (BFP; Saito et al. 2003 Saito et al. , 2006 . The combination of a-TCP porous ceramics with BFP was effective in enhancing bone formation, leading to the repair of 20 mm long rabbit radial bone defects. When a-TCP porous ceramics were combined with BFP, the a-TCP porous ceramics with high resorbability acted as useful scaffolds. When the scaffold is implanted with adequate pharmaceuticals or cells into tissue defects, tissue repair is enhanced. In this case, the period when the scaffold is needed to remain becomes short. Therefore, higher resorbability is needed when we combine with pharmaceuticals or cells. The bioresorption rate was also controlled by the coexistence of a-with b-TCP, based on their different degradation rates. Famery et al. (1994) reported a fabrication process for TCP ceramics with the a-and b-TCP ratio being controlled by the addition of magnesium. We (Oishi et al. 2004; Kamitakahara et al. 2005a ) attempted the fabrication of TCP porous ceramics with a-and b-TCP ratios controlled by the addition of Mg, Zn and Fe because additives such as Mg (Ando 1958) and Zn (Kreidler & Hummel 1967) raise the temperature of transformation of TCP from the b-to a-phase. The addition of Mg was most effective in decreasing the porosity and a-TCP content, and a porous body consisting of a-and b-TCP with continuous pores ranging from 10 to 50 mm could be prepared by a conventional sintering method when the Mg content was 0.1 mass% (figure 9). We compared the in vivo degradation rate of the TCP porous ceramic consisting of biphasic a-and b-TCP (a/b-TCP) to that of TCP ceramics consisting of pure a-or b-TCP, and revealed that the biphasic TCP porous ceramic showed lower and higher degradation rates than a-and b-TCP, respectively . The behaviour of the TCP ceramics in the body environment was affected not only by the phase contents but also by the porosity of the ceramics. Materials designed based on their solubility or dissolution rate would also provide novel bioactive materials.
CONCLUSION AND PERSPECTIVE
This paper reviewed novel bioactive ceramic-based materials designed based on chemical reactivity in body fluid. We can develop various bioactive ceramic-based materials, such as glass-ceramics, calcium phosphate ceramics, hybrids and composites. As each material has different advantages, the development of various bioactive materials would be useful and contribute to the medical field. Material design considering the interaction with proteins or cells will be also important. Not only the chemical properties but also the surface charge and morphology are important for these interactions. Material designs based on various aspects must be developed in the future.
